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Summary 
 
The thermal inactivation of horseradish peroxidase freeze-dried from solutions of different pH 
(8, 10 and 11.5, measured at 25 °C) and equilibrated to different water contents, was studied 
in the temperature range 110 to 150 °C. The water contents studied  (0.0, 1.4, 16.2 and 25.6 g 
water per 100 g of dry enzyme) corresponded to water activities of 0.0, 0.11, 0.76 and 0.88 at 
4 °C. The kinetics were well described by a double exponential model. The enzyme was 
generally more stable the lower the pH of the original solution and for all pH values, the 
maximum stability was obtained at 1.4 g water/100 g dry enzyme. z values were generally 
independent of water content and of the pH of the original solution, and in the range of 15 – 
25 °C usually found in neutral conditions, with the exception of the enzyme freeze dried from 
pH 11.5 and equilibrated with phosporus pentoxide, where a z value of the stable fraction 
close to 10 °C was found. 
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Introduction 
 
 Enzimic systems have been proposed as Time-Temperature Integrators (TTIs) for 
assessing thermal processes (Weng et al., 1991, Hendrickx et al., 1992, Van Loey et al., 
1999). It is straightforward to note from the kinetic decay/death models that the requirements 
for such a system are that the z value of the enzymic system and of the target micro-organism 
are equal (equation 1), as in such case, the F-value can be determined easily, rapidly and 
inexpensively, by measuring the enzymatic activity before and after processing (Van Loey et 
al., 1996). 
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 for zM = zE = z 
 where N is the microbial count, A the enzyme activity, D the thermal death time, z the 
temperature sensitivity of the D value, and the subscripts o, M and E represent initial, 
microbial and enzymic, respectively. 
 Therefore, obtaining enzymic systems with various z values, and particularly in the 
low range, typical of micro-organisms, would be most useful for developing TTIs to be used 
in different situations. This would entail selecting enzymes and micro-environmental factors 
(e.g. water content, presence of solvents, pH) that result in appropriate kinetic parameters to 
mimic the kinetic behaviour of micro-organisms (or quality factors). However, z values are 
not easily manipulated, as they depend mostly on the inactivation mechanism, and may not 
vary significantly with the actual thermal resistance (which is mathematically accounted for in 
most cases by variations of the thermal death time). 
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 A factor that may cause a significant variation in the z value is pH, as it may affect the 
relative balance between different inactivation mechanisms (Whitaker, 1972, Burnette, 1977, 
Lemos et al., 1999). However, pH variations significant enough to cause a visible change in 
the kinetic patterns generally decrease the enzyme’s thermal resistance (Klibanov, 1995, 
Costantino et al., 1997). Hence, to obtain a useful system for thermal processing assessment 
based on pH variation of the enzyme system, one would need to maintain the z-value of the 
thermal inactivation of enzymes at high pH while increasing the thermal death times, as 
temperatures are tipically in the range of 110 – 130 °C.   
 Water is known to play a crucial role in the thermal stability of enzymes, as it 
participates in all non-covalent interactions (maintaining proteins in their active 
conformations) and also plays a very important role in enzyme dynamics (Multon & Guilbot, 
1975). In water-depleted environments, obtained by liophilisation or by replacing water by 
organic solvents, enzymes have shown to be much more thermostable than in solution. An 
increase of the thermal stability with dehydration was found for many enzymes, such as 
porcine pancreatic lipase (Zaks & Klibanov, 1984), pancreatic and wheat grain ribonuclease 
Multon & Guilbot, 1975), β-lactoglobulin (Ruegg et al., 1975), mioglobin (Hagerdal & 
Martens (1976), α-amylase (Meerdink & Van’t Riet, 1991, Saraiva et al., 1996a, Van Loey et 
al., 1996), and horseradish peroxidase (Hendrickx et al., 1992, Saraiva et al., 1996b). 
 Dehydrating an enzymic system by freeze drying from a solution with a different pH 
might therefore provide a suitable TTI for thermal processing applications. The prevailing 
question is whether the loss of water (and hence of the molecular conformation at the 
respective original pH) will imply that the inactivation kinetics resume to their ‘normal’ 
behaviour (the kinetic parameters of enzyme dried from neutral pH), or whether a so-called 
‘pH-memory’ effect will be found, and the z-value maintains the pH dependency. The concept 
of ‘pH memory”, as defined by Klibanov (1995) and explored also by Costantino et al., 1997, 
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refers to enzyme systems that when in absence of water (either by dehydration of by replacing 
the aqueous media by organic solvents) show the same characteristics as in the original 
solution, as if the enzyme “remembered” in some way the conformation it had in the original 
pH. However, no study was found on whether this concept might be extended to the 
temperature sensitivity of thermal inactivation (the z value).  
 Horseradish peroxidase has been studied in the context of TTI systems, as it is one of 
the most thermally resistant enzymes of interest to vegetable products (frequently used to 
assess the efficiency of blanching processes), whose analytical assay is simple and 
inexpensive (Rodrigo et al., 1996). It however shows a biphasic behaviour, that is, non-log 
linear (Ling and Lund, 1978, Chang et al., 1988, Ganthavorn et al., 1991, Weng et al., 1991, 
Hendrickx et al., 1992, Guenes & Bayindirli, 1993, Pizzocaro et al., 1993, Adams, 1997, 
Saraiva et al., 1996b, Rodrigo et al., 1996, 1997, Forsyth et al., 1999). The z-value of the 
kinetically more meaningful resistant fraction is around 15 – 25 °C, whether in solution or 
freeze dried (Hendrickx et. al., 1992, Saraiva et al., 1996b). Recently, Lemos et al. (2000), 
have found that horseradish peroxidase at high alkaline pH (11.5 to 12.5, measured at 25 °C). 
showed low z values of the more thermally resistant fraction of the enzyme, around 10 °C. 
 The objective of this work was to verify whether a pH-memory effect existed in 
horseradish peroxidase in relation to the z-value, by determining the kinetic parameters of 
systems with different (low) water contents obtained from solutions of different pH. The 
ultimate goal would be the development of a suitable TTI for thermal process assessment, 
should conditions be found where a z value of 10 °C and a high thermal resistance enable its 
use in industrial thermal processes. 
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Materials and Methods 
 
Enzyme solution  
 A 0.08 mg / ml solution of enzyme (horseradish peroxidase, Ec 1.11.1.7, RZ 0.8, 
Sigma, St. Louis, MO 63158, USA) in bidistilled water (pH 7) was used and the pH of the 
solution was adjusted to the value desired with NaOH or HCl solutions. The pH at room 
temperature ( 25 °C) was measured using a pH meter (Crison, 2001).  
 In order to obtain systems with different water contents, the enzyme was lyophilised 
and then equilibrated for 6 days at 4 oC over standard salt solutions of phosphorus pentoxide, 
lithium chloride, sodium chloride and potassium chloride, respectively, at water activities (aw) 
of 0, 0.11, 0.76 and 0.88 (Greenspan, 1977). The sorption isotherm of horseradish peroxidase 
at 4 oC has been reported by Hendrickx et al., 1992. The water activities of 0.11, 0.76 and 
0.88 correspond to the moisture contents of 1.4, 16.2 and 25.6 (g H2O/100g dry enzyme) at 
4oC. The inactivation experiments were performed on the seventh day. 
 
Thermal treatment 
 The small glass vials were hand crimped tightly and as rapidly as possible to avoid 
changes in atmosphere. The closed vials containing the dried enzyme were heated in an oil 
bath at the desired (constant) inactivation temperature. At predetermined time intervals 
samples were transferred and quickly immersed in an ice bath. After cooling the vials were 
opened and phosphate buffer (0.1 M, pH 7, 625 µl) was added to each, the vials remaining in 
ice until activity assay. 
 It is evident that at the inactivation temperatures some water will desorb from the dry 
phase, increasing the pressure in the vials, which has the effect of counteracting the loss of 
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water due to temperature increase. Based on comparable literature studies, it has been 
considered that some water does change to the gas phase, but that it is expected that the water 
remaining in the solid matrix is above 60-70% (Hendrickx et al., 1992). As the amount of 
water at the inactivation temperatures is not known and may vary with temperature in this 
range, the text refers always to the amount at 4 oC, knowing that the true amount during 
inactivation will be somewhat lower. 
 The inactivation temperatures were selected depending on water content and pH, as 
these affect the enzyme stability. The experimental plan is shown in table 1. 
 
Activity analysis  
 The peroxidase activity was measured according to the Worthington (1978) procedure. 
The enzyme was dissolved in bidistilled water back to the concentration of 0.08 mg / ml 
solution and an aliquot of 100 µl of this solution was mixed with 2.9 ml of substrate solution 
(0.9 mM H2O2 (27%, w/w), 83.09 mM phenol concentration and 1.19 mM 4-aminoantipyrine 
concentration, in a 0.1M phosphate buffer, pH 7.0). The increase in optical density at 510 nm 
was measured using a Unicam 8625 UV/VIS kinetics spectrophotometer every 1 second 
during 1 minute, at 25 °C. The optimum conditions for this enzymatic assay suggested by 
Weng et al. (1991) were used, i.e. pH 7, 25°C and ionic strength 0.1 M. 
In preliminary experiments, the enzyme activity before and after lyophilisation and 
during several days storage above different salt solutions was measured and it was verified 
that these procedures did not have a significant effect on the enzyme activity. 
Notwithstanding, and in order to eliminate the effect of thermal lags as well, the ‘zero’ point 
for each experiment was obtained by removing samples after 5 to 6 s (depending on 
temperature) and setting then the experimental time to zero. No reactivation of peroxidase 
activity was found in samples stored for further 24 hours at 4 °C. 
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Data analysis 
 The kinetic pattern was biphasic, as expected, and a double exponential model was 
used. Different mechanistic interpretations of the thermal inactivation of enzymes generate a 
mathematical model that is reduced to a double exponential at isothermal conditions and thus 
describes the biphasic patterns: (i) the enzyme population consists of two isoenzymes, one 
being more labile and the other more resistant, both inactivating according to a first order 
decay; (ii) the inactivation mechanism involves a first step (which may be reversible) to an 
intermediate conformation, followed by an irreversible denaturation (Henley and Sadana, 
1985). No preference was assumed for either, and for simplicity the term ‘fraction’ will be 
used throughout the text to designate the kinetic parameters of each exponential: ‘more 
resistant fraction’ means either the more resistant isoenzyme or the slower reaction step, 
depending on the mechanistic interpretation of the model. 
 Using the Thermal Death Time (TDT) model for a constant temperature, the activity at 
time t is given by: 
 
( )










−+=
−−
ls D
t
D
t
AA 101100 αα  (2) 
where A0 is the initial activity, α is the fractional weight of the more resistant fraction, Ds is 
the thermal death time of the more resistant fraction and Dl the thermal death time of the more 
labile fraction. The thermal death times are related to temperature by: 
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 where Dr is the thermal death time at a reference temperature (130 °C was chosen). 
Assuming that α is independent of temperature, the parameters Dr and z for both fractions can 
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be obtained by one single regression, which is statistically preferable as the error region is 
smaller and well defined than with individual regressions. All sets of data for one pH and the 
several experiments at different temperatures can be fitted together to yield the five 
parameters (α, Drs, Drl, zs and zl), by: 
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 Logarithmic regressions were used, as this improves the accuracy of the model 
predictions for the more meaningful stable fraction data and the homoscedasticity of the 
residuals. All regressions were performed with the Stata software (Stata 4.0, Stata 
Corporation, Texas, USA). 
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Results and Discussion 
 
 Typical examples of kinetic curves are shown in figure 1. Individual analysis at each 
temperature (fiting each set of data taken at a single temperature separately, with equation 2, 
to obtain the respective α(Τ), Dr(T) and Dl(T) values) proved that α could be considered 
independent of temperature in the range tested, as assumed in equation 4 (results not shown).  
 The effect of the pH of the original enzyme solution and of water content on the 
fractional weight of the more resistant fraction (α parameter) is shown in figure 2. There 
seems to be no clear pattern, and the variability indicated could be simply due to the strong 
collinearity between parameters. The parameter α varies mostly between 0.15 and 0.2.  
 Figures 3 and 4 show the effect of the pH of the original enzyme solution and of water 
content on the thermal death times of the more resistant and more labile fractions, 
respectively, at the reference temperature of 130 °C. At all pH values, both thermal death 
times increase with the decrease in water content down to 1.4 g water / 100 g dry enzyme, 
showing the stabilising effect of loss of water, but for the system stripped of almost all water 
by the phosphorus pentoxide equilibration, the stability goes down again, to roughly the same 
values of the higher water content (25.6 g water / 100 g dry enzyme).  
 It is also evident from these figures that the enzyme stability decreases with an 
increase of the pH of the original solution (in the alkaline region). The enzyme system seems 
to have a ‘kinetic pH-memory’ effect in the sense that the stability of the system depends on 
the original pH: as an increase of pH in the alkaline region decreases the stability in aqueous 
solution (Fong and Cruess, 1929, Lopez and Burgos, 1995, Lemos et al., 2000) so we find that 
in freeze dried systems the enzyme is also less stable the higher the pH of the original 
solution, in the alkaline region. 
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 It can be seen in figures 5 and 6 that in general neither pH nor water content affect the 
z-values significantly. Most values are around 20°C, and fluctuations within 3 to 4 °C could 
be eventually explained by parameter collinearity. For the more meaningful z value of the 
stable fraction, we find no ‘pH-memory’ effect in relation to the z-value, in general.  
However, there is an important exception: when the matrix is almost depleted of water 
(equilibration with phosphorus pentoxide), zs decreased to a value that is not statistically 
different from 10oC at pH 11.5, which is the value for inactivation in solution at pH 11-12 
(Lemos et al., 2000). 
 It appears that the absence of water and of a minimum of mobility causes a significant 
‘pH-memory effect’ in the inactivation kinetics. This effect can be seen in the lower z-value of 
the more resistant fraction and in the fact that the thermal death times fall significantly from 
the highest values at 1.4 g water / 100 g dry enzyme to the lowest at circa 0 g water / 100 g 
enzyme – in principle, further dehydration should further stabilise the enzyme, and so this 
decrease in stability with further decrease of the water content may be associated to a better 
preservation of the less stable molecular arrangement of the enzyme in the high pH solution 
when all water was removed. Even a small additional amount of water (e.g. 1.4 g water / 100 
g dry enzyme) is sufficient for the system to lose this “pH memory effect”. 
 It may be noted that for all systems except the enzyme equilibrated with phosphorus 
pentoxide, the water content is sufficient for the system to be always above the range of glass 
transition temperatures typical of protein systems during thermal inactivation, but for the 
system that is almost stripped off of all water, inactivation may have occured in glassy state. 
Proteins show values of the glass transition temperature around 140 to 200 °C (Slade & 
Levine, 1995). As the activation energy below glass transition is significantly higher than 
above glass transition, this could be a reason for the z value to be low at a water content of 
circa zero. However, if the system was below glass transition in this case, it was not reflected 
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in a higher thermal stability, which glassy state should induce. Hence, the effect of glass 
transition, if present, was not dominant, it is the effect of pH on the system kinetics that 
prevails. 
 
Conclusion 
 
 The stability of dried horseradish peroxidase was affected both by the pH of the 
original solution and by the water content. 
 When freeze-drying, the loss of water and corresponding loss of an alkaline medium 
re-stored the higher z-value similar to that at neutral pH. However, when removing almost all 
water by equilibrating with phosphorus pentoxide, the low z-value around 10 °C was 
maintained, corresponding to a ‘pH memory effect’ in the inactivation kinetics. 
 This work indicates a new potential TTI for sterilisation processes, with a z value not 
statistically different from 10 °C (temperature range tested 110 – 120 °C).  
 
List of Symbols 
 
A –  Enzyme activity (∆OD/min) 
D –  Thermal death time; time required for one decimal log reduction – 90% loss - of A or N 
(min) 
F - F-value for sterility calculations (min) 
N - Microbial count (number of colony forming units / unit volume) 
z –  Number of degrees Celsius required for a one decimal log reduction of the thermal death 
time D (°C) 
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α -  Fractional weight of the more resistant fraction 
 
Subscripts: 
E – of the enzyme 
l – of the more labile fraction 
M – of the target micro-organism 
o - initial 
r – at the reference temperature of 130 °C 
s – of the more resistant fraction 
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Table 1 – Inactivation temperatures 
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Figure 1 – Thermal inactivation of horseradish peroxidase with a water 
content of 0.0 g water / 100 g dry enzyme, obtained from a 
solution of pH 11.5. Experimental data and model curves for: 
110 °C, 115 °C and 120 °C  
 
Figure 2 – Effect of water content and pH on the fractional weight of the 
resistant fraction (α) pH of the original solution:    8;     10;    11.5 
The bars indicate the 95% individual confidence interval. 
 
Figure 3 – Effect of water content and pH on the thermal death time of the 
more resistant fraction at 130  °C (Drs). The bars indicate the 95% 
individual confidence interval. pH of the original solution:      8;              
           10;      11.5. 
 
Figure 4 – Effect of water content and pH on the thermal death time of the 
more labile fraction at 130  °C (Drl). The bars indicate the 95% 
individual confidence interval.  pH of the original solution:      8;      
    10;     11.5 
 
Figure 5 – Effect of water content and pH on the z value of the more 
resistant fraction (zs). pH of the original solution:        8;         10;      
           11.5. The bars indicate the 95% individual confidence interval. 
 
Figure 6 – Effect of water content and pH on the z value of the more labile 
fraction (zl).  pH of the original solution:     8;     10;    11.5. The 
bars indicate the 95% individual confidence interval. 
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